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Ox: of the most exciting new developments in 
electronics is the possibility of generating economically 
with a single tube very large amounts of microwave 
power. Such power levels will be measured in the 
hundreds of horsepower at wavelengths of ten centi- 
meters or less from a single tube. This development 
will make possible radars of greatly increased range 
and sophistication. A far more intriguing implication 
of the availability of large amounts of economically 
generated power is a completely new direction of 
growth of the electronics industry — the transfer of 
power from one point to another by electromagnetic 
beams. 

The ability to generate large amounts of power in 
a single envelope has the additional attraction of re- 
ducing the cost of microwave tubes on a ‘‘per kilowatt 
basis.’” Such a reduction in tube cost and the ac- 
companying reduction in amortization costs over the 
life of the tube, coupled with the inherently high 
efficiency of these devices, may make possible new 
applications for microwave tubes in the highly com- 
petitive heat processing area. 

The intent of this paper is to emphasize the engi- 
neering considerations involved in the power aspects 
of a super power tube development, however, the 
actual selection of a class of tube for super power de- 
velopment may depend upon many other requirements 
of the intended applications for such tubes. Although 
applications for super power tubes vary in their 
requirements, a high percentage require sophisticated 
performance characteristics such as broad electronic 
bandwidth, linearity of phase change through the 
device as a function of frequency, and insensitivity 
of phase output to external influence. The Amplitron 
with its demonstrated performance as a device posses- 
ing these characteristics, coupled with very high 
efficiency and simple mechanical construction, has 
made it a logical choice for investigation as a super 
power device. 

Additional insight into the nature of the require- 
ments for a super power development may be obtained 





THE AMPLITRON 


a super power microwave generator 












from a historical review of the progress which has been 
made in the generation of microwave power. Figure 1 
shows the progress that has been made in average 
power generation at S band (10 em) from 1938, when 
microwave tubes were first introduced, to the present. 
By 1950 the magnetron had been developed to about 
5 kw of average power output, and progress had been 
at the rate of a tenfold increase every five years. 
If that rate of progress had been maintained, power 
levels of the order of 500 kilowatts would now be 
available. In 1950, however, the requirements for 
radar equipment, which had been the motivating in- 
fluence for higher power tubes, changed to a more 
sophisticated type of operation requiring an amplifier 
type of transmitting tube. In the development of 
microwave tubes after 1950, emphasis was placed on 
development of amplifying types of tubes even though 
this meant a temporary slow-down in the development 
of average RF power. Recognizing this change of 
emphasis, the Raytheon Company introduced the 
Amplitron device in 1955. The Amplitron retained 
the high efficiency and simple mechanical construction 
of the magnetron oscillator while introducing ampli- 
fication over a broad band of frequencies with negli- 
gible phase distortion and a number of other desirable 
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for Microwave Tubes at S-Band 
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Figure 2. Schematic Diagram of Amplitron 
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Figure 3. Useful RF Output Power vs. Anode Efficiency 
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performance characteristics. These characteristics 
prompted hardware developments for a number of 
medium power and high power applications. The 
progress in obtaining average power from the Ampli- 
tron was so great that by 1958 a 15-kilowatt average. 
power S-band tube (QK622) had been developed. 
This very rapid growth of power from the Amplitron 
was an additional stimulus for investigating its ulti- 
mate power handling potential. 

The resulting investigation, begun in 1958, inevi- 
tably led to the establishment of the factors which 
limited the power-handling capability of the Ampli- 
tron. These limitations may be better understood 
by a consideration of how the Amplitron operates. 
As shown in Figure 2, the Amplitron basically consists 
of a cathode surrounded by an anode structure and a 
magnetic field whose direction is normal to the plane 
of the illustration. The anode structure serves both 
as a means for carrying the RF wave and as a collect- 
ing surface for the electrons emitted from the cathode. 
To place an Amplitron in operation, a potential is 
placed between the cathode and the anode. As the 
potential between cathode and anode is raised, elec- 
trons are emitted from the cathode and rotate in con- 
centric orbits about the cathode. As the potential is 
further increased, the electrons revolve with increas- 
ing angular velocity until they become synchronous 
with the phase velocity of the RF wave on the anode 
structure. At this point interaction between the elec- 
trons and the RF wave occurs, and the electrons 
coalesce into spokes of space charge which then induce 
RF currents in the anode structure. These several 
RF currents induced by the rotating space charge 
spokes travel in both directions along the RF strue- 
ture, but tend to add in phase in the direction of the 
output while canceling in the direction of the input. 
The interaction mechanism is controlled by the RF 
introduced at the input terminals of the device so 
that the output frequency is identical to the driving 
frequency. 

From an energy conversion point of view, the 
electron has a maximum of potential energy at the 
cathode surface. As it moves toward the anode, it 
loses its potential energy and converts from 80 to 
90 per cent of this loss directly into useful RF energy. 
The remaining 10 to 20 per cent is converted into 
kinetic energy of motion which in turn is converted 
into heat as the electrons strike and are collected by 
the anode. It is evident that an increase in efficiency 
in the operation of the device will decrease the dissi- 
pation at the anode and therefore permit more DC 
power input with correspondingly more RF power 
output. Further, if the heat dissipation capabilities 
of the anode surface could be improved, greater power- 
handling capability would result. Finally, we note 
that making the RF circuit larger will permit more 
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anode dissipation and therefore more power input. 

It is possible to derive a simple formula in which the 
RF power output is given as a function of the effi- 
ciency and anode dissipation. Such a formula follows; 


RF Power Output = [Anode Dissipation] 


[Efficiency factor], (1) 


= [(Anode Area) (Dissipation Density) ] 
[Efficiency Factor], 


‘l) (i 


where p = dissipation density (kw/sq cm) 


(2) 





” = conversion efficiency of DC to RF power 
f = frequency of operation 


K = constant containing number of vanes, 
operating potential level, ete. 


It will be noted that the RF power output is highly 
dependent upon efficiency. A plot of the efficiency 
function 9/(1—n) is given in Figure 3. This efficiency 
function is identical with the ratio of RF power out- 
put to RF power dissipated at the anode. It follows 
that if the RF power dissipated is a fixed quantity, 
the RF power output is directly proportional to this 
function. At 50 per cent efficiency this ratio is unity, at 
80 per cent it is four, and at 90 per cent it is nine. A 
substantial experimental and analytical program is un- 
derway at Raytheon to maximize the efficiency of 
operation of the tube. Such efficient operation of 
Amplitrons has been obtained that only about 10 per 


electron bombardment of the anode, corresponding 
to a conversion efficiency of DC into RF power of 90 
per cent. This conversion efficiency corresponds to 
an observed over-all operating efficiency of as much 
as 81 per cent in the QK622. The difference between 
the over-all and conversion efficiency in thestube is 
accounted for by losses in both the RF ¢ireuit and 
electronic back bombardment of the cathode, 
Consider now the problem of achieving @ greater 
dissipation-density capability of the anode. As shown 
in Figure 2, the conventional cooling technique for 
an Amplitron is to circulate cooling fluid through a 
large diameter channel near the face of the vane. 
From previous work, it was expected that a more 
efficient form of cooling which would lead to much 
higher dissipation densities could be derived from 
the use of a number of small diameter cooling chan- 
nels rather than one large one, as shown on two of the 
vanes of Figure 2. To verify this supposition, an 
X-band tube was constructed. A cross-section of this 
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_ tube is shown in Figure 4. In this tube 


cent of the power input is dissipated in the form of. 





structure which collects the electrons is 
a number of small diameter tubes (0.030 im. 
in. I.D.) all water cooled in parallel ‘ff niet 
and an outlet cooling header. From the anode 6 th 
tube, average dissipation densities of ag much as ’ 8 
per sq cm were obtained without destruction of the 
anode. This value is abéut twenty times larger than 
that obtained from cooling —_ — 


microwave tubés. 
















































however, a high bulk temperature rise of the — 
is obtained in contrast to systems commonly employed 


rise 
of the coolant is relatively low. The large bulk tem- 
perature rise of the high pressure system requires a 
proportionately smaller amount of volume flow 
thus compensates for the higher pressure. The pres- — 
sure employed may range from 150 to 300 pounds for — 
most applications to as high as 1500 pounds for some 3 
special applications. Pumping power requirements 
can generally be held to about 5 per cent of the DC 
power supply input to the Amplitron tube itself. 
Long life pumps for any reasonable pumping pressure 
and volume flow are readily available. A closed type of 
cooling system is employed because of the necessity 
for filtering out fine particles and for maintaining a 
deoxidized and demineralized state of the water 
coolant. 

It is interesting to examine the effect upon a cur- 
rent Amplitron design of such high density cooling 
systems as described above. Although the experi- 
mentally obtained dissipation density of 7 kw per 
sq em could not be considered a conservative design 
figure at the present time, a density of 3 kw per sq 
em could be so considered. If such a dissipation den- 
sity were applied to the QK622 Amplitron which 
has an anode area of 22 sq cm, and if the DC to RF 
conversion efficiency of over 80 per cent im the QK622 
is retained, average power outputs of over 200 kw 
can be expected. This computation is easily demon- 
strated with the aid of Equation (2). 

It is interesting to show the tremendous combined 
leverage of high efficiency and high anode dissipation 
density upon power output by plotting contours of 
values of generated RF power as a function of these 
two parameters. This is done with the aid of Figure 5. 
When the high dissipation-density figure of 7 kw is 
combined with the high electronic efficiency of 90 
per cent, both of which have been achieved as maxi- 
mum experimental values, it will be noted that ap- 
proximately 70 kw of RF power could be generated 
for each sq em of anode area. Although such values 
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Figure 5. Generated RF Power vs. Anode Area 


may be possible at some time in the future, a value of 
12 kw per sq em is currently being used for design 
purposes. 

It is interesting to compare the very high power 
conversion densities made possible by even this com- 
paratively conservative value of 12 kilowatts per sq cm 
with those commonly used in other energy conversion 
processes. For example, in a 4- x 4-inch automobile 
cylinder about 50 horsepower (37 kw) may be ob- 
tained. At a suitable microwave frequency an anode 
structure of this size could convert 2000 kilowatts of 
DC power into a nearly equal amount of RF energy. 

The generation of large amounts of power from 
single envelopes, which are both compact and eco- 
nomical to manufacture, has a far-reaching economic 
significance. Figure 6 shows a proposed 200 kw gen- 
erator. This is not much larger nor greatly more com- 
plicated in construction than the present QK622 
which generates about 15 kw of power. Such con- 
siderations when combined with production cost fig- 
ures for fixed frequency magnetrons provide a curve 
like that of Figure 7. These magnetrons have been 
in volume production for several years and are quite 
comparable in their mechanical construction to Ampli- 
trons. This curve indicates that we may eventually 
obtain large microwave tubes at a cost of about $10 
to $20 on a ‘‘per kilowatt? “basis. 

It is of interest to compare this assumed cost with 
the cost of installation of primary electrical power 
which runs about $150 per kilowatt of installed ca- 
pacity in a steam generator plant to $250 per kilowatt 
in a hydroelectric plant. Power supply rectifier and 
switch gear would be expected to cost about $100 per 
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kilowatt of installed capacity. It is therefore possible 
to conclude that in future systems which involve large 
quantities of microwave power, the microwave tube 
will not be the limiting factor from an initial cost point 
of view. 

A similar situation with respect to operating costs 
may be expected. If the microwave tube has a life 
of 1000 hours and its initial cost is $10 per kilowatt, 
the amortization cost would be 1 cent per kilowatt 
hour. This would compare to today’s best amortization 
costs on microwave tubes of 10 cents per kilowatt 
hour. If such low amortization costs are obtained, it 
may be expected that microwave energy will find 
many more uses in areas where it is currently pro- 
hibitive from a cost point of view. 

In summary, it may be stated that a breakthrough 
in the generation of large amounts of power from a 
single envelope is in progress. This breakthrough has 
come about through the recognition that the high 
efficiency of the Amplitron and a high anode-dissipa- 
tion-density cooling system may be combined to permit 
high-density conversion of DC to RF energy. Be- 
eause of this, unexpectedly large amounts of power 
can be obtained from RF generators which scale to 
relatively small size at microwave frequencies. It 
should also be noted that the Amplitron device at 
super power levels retains its desirable properties of 
broad electronic bandwidth, high efficiency, and simple 
mechanical construction. This latter property makes 
it possible to provide power at low cost on a ‘‘per 
kilowatt’’ basis, so that many applications for micro- 
wave devices will no longer be excluded on an eco- 
nomic basis. 
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trajectories obtained by Tibbs and Wright during World 
er War II were derived from an assumed space-charge dis- 
to tribution and included only DC and first-harmonic terms 
in the charge and electric field. This paper presents a 
It continuation of the work of Tibbs and Wright. 
at In the study described, a new set of electron trajec- 
f tories were calculated by the use of an IBM 704 com- 
0 puter. The problem was coded in such a way that terms 
ole up to the fifth harmonic were included. Five iterations 
rs were carried through using Harbree’s self-consistent 
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well known electro-optical devices are discussed; and 
actual ‘‘Raysistor’’ and ‘‘Rayswitch’’ data are pre- 
sented. 


D. R. FAIRBANKS, M. MARK, ‘‘General Considerations 
for Cooling High Heat Density Microwave Tubes,’’ pre- 
sented at the Daytoh IRE Meeting, Dayton, Ohio, May 
4, 1960. 

A review of the problem of high density heat transfer 
in electronic components, including metallic conduction, 
liquid forced convection with and without local surface 
boiling, finning, critical temperatures and locations, 
and evaluation of coolant fluids for forced convection. 
Typical capabilities and limitations of the various cool- 
ing techniques are presented, and specific applications 
to microwave tubes are discussed. Other factors such as 
surface roughness, fouling, flow stability with local 
boiling, and transients are considered. 
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SOURCES FOR SPACE VEHICLES 


ue electrical power requirements of space vehicles 
have been brought into sharp focus during these first 
years of the Space Age. In addition to the power needed 
for communications, navigation, guidance and control, 
and scientific instrumentation, severe electrical power 
requirements have been imposed by propulsion systems 
necessary for the economic exploration of extra-ter- 
restial bodies such as Mars and Venus. (See Electronic 
Progress, Sept.-Oct. 1959.) Power levels have increased 
from a few watts to megawatts, and the minimum life- 
time of the space power source has increased from a 
few days to one or two years. 

Electrical energy for a space vehicle can be provided 
in two ways. It can either be drawn out of an energy 
storage system —such as a battery—or it can be 
converted from an available source of a different form. 
Today, there are three major sources of energy: solar, 
chemical, and nuclear. The utilization of these sources 
has formed the basis of a new technology, wherein 
scientists have been forced to re-explore some well 
known physical processes. The liberation of electrons 
from a metal or the migration of electrons through a 
semiconductor, under the influence of solar radia- 
tion, was observed a century ago. However, not until 
the Space Age demanded direct power conversion 
devices were these phenomena subjected to concen- 
trated investigation. 

This article describes only direct solar power con- 
_ version devices. In contrast to a solar turbogenerator 
_ or a solar regenerative fuel cell, the direct solar power 
4 conversion device converts solar energy directly into 
’ electrical energy. This conversion occurs when a 
| photon exchanges its energy with an electron in a 

7 metal or semiconductor, or when the heat of the sun 
' causes thermal emission or thermal migration of the 
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electrons in a metal. The resultant flow of electrons 
can be utilized to transfer power to a load. At the 
present time, four direct solar power converters are 
assuming significance : 


The photovoltaic solar cell 
The photoemissive converter 
The thermionie diode 

The thermoelectric generator 


Photovoltaic Solar Cell 


A photovoltaic cell, consisting of a layer of pure 
selenium evaporated upon an iron base, generates its 
own electromotive force when subjected to light. 
Photons, penetrating the selenium layer, produce 
photoelectrons at the selenium-iron barrier which are 
ejected into the selenium. The selenium layer is 
thereby given a negative charge, and the iron is given 
a positive charge. The photovoltaic effect has been 
observed with copper-copper oxide barriers, and also 
with lead sulphide, silver sulphide, zine sulphide, and 
many other elements and compounds when deposited 
on a suitable base. 

The fact that electron flow could be stimulated by 
sunlight falling on electrodes immersed in an electro- 
lyte was discovered by E. Becquerel over one hundred 
years ago. In 1876, a similar effect was observed by 
W. G. Adams and R. E. Day who were investigating 
the properties of selenium, and in 1884, sensitive 
selenium barrier-layer cells were prepared by C. E. 
Fritts. 

The practical application of the photovoltaic effect 
was delayed until 1930 when Lange, a mineralogist, 
utilized selenium cells in investigations of the light 
absorption of certain mineralogical specimens. Until 
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Typical Solar Cell 


the early 1950’s, the only commercially available 
photovoltaic device was the Weston Photronic cell — a 
selenium barrier layer cell used extensively in portable 
photographic exposure meters. It was not until a 
requirement for battery charging devices in rural tele- 
phone substations was established by the Bell Tele- 
phone Company that ‘‘solar’’ cells were reinvestigated. 
In 1954, the first practical semiconductor solar cell 
efficiency was reported. An efficiency of 6 per cent was 
obtained with a silicon p-n junction. This initial ma- 
terial development has maintained a unique position 
in the solar cell field; the latest silicon solar cell with 
a boron diffused junction achieves up to 12 per cent 
conversion efficiency in production units. No other 
material has yet been developed which can compete 
with this device even though, on a theroretical basis, 
other semiconductors such as gallium arsenide could 
have a conversion efficiency up to 23 per cent. 
Figure 1, the energy level diagram of a silicon solar 
cell, shows how the conduction and valence bands vary 
as a function of thickness starting at the converted 
p-type surface. Under illumination, almost all photons 
with energy greater than the energy gap, Eg, are 
absorbed within 10-5 centimeter of the surface. 
Each absorbed photon produces an electron-hole pair 
in the p-type semiconductor which has a high hole 
density (1016 per cu cm) and a low electron density 
(105 per cu em). If, under illumination, 101? electron- 
hole pairs per cubic centimeter are created it is seen 
that the electron density could be increased by a 
factor of 107, while the hole density is only increased 
by a factor of 10-4. Some of these excess electrons re- 
combine, and others diffuse to the junction and spill 
over the potential barrier into the n-type semiconduc- 
tor where they are free to flow into an external circuit 
and deliver power to the load. However, not all 
photons in the solar spectrum will be absorbed and 
produce electrons capable of surmounting the potential 
barrier. Only a small fraction of the electrons pro- 
duced possess the required energy and, consequently, 
the conversion efficiency is a function of the photon 





Figure 1. Energy Level Diagram of Silicon Solar Cell 


energy distribution in the solar source and the re- 
sponse of the solar cell. A typical solar cell response 
is superimposed on the solar spectrum in Figure 2. 

In spite of the relatively low efficiency of 12 per cent, 
the silicon solar cell possesses characteristics highly 
desirable as a space power source. A bare solar cell, 
2 square centimeters in area, weighs 0.01 ounce. The 
solar power incident at the orbital radius of the earth 
is 0.135 watt per square centimeter. Thus, a bare solar 
cell assembly could deliver about 40 watts of power 
per pound of weight. In addition to providing a 
lightweight power source, the solar cell is relatively 
unaffected by the high energy radiation in space and, 
with a certain amount of protection, the solar cell 
power source can have indefinite life under the thermal 
and mechanical hazards of space. The Vangard I 
satellite, launched in March 1958, is still obtaining 
power from its solar cell system. This solar cell pack- 
age, which is mechanically and thermally protected, 
could have had a specific power of about 20 watts per 
pound. However, because of the tumbling of the satel- 
lite and the requirement of operation during the dark 
periods of its orbits, the specific power was much 
lower than the above figure. Consequently, the satel- 
lite was provided with multiple solar cell packages 
and a battery storage system to compensate for the 
tumbling and dark periods, establishing the specific 
power of the complete system at about 3 watts per 
pound. 





Photoemissive Converter 


The familiar phototube is a potential solar power 
conversion device. The action of light falling on a 
specially prepared metal surface to produce free elec- 
trons is analogous to the action of the photovoltaic cell 
deseribed above. 

The photoemissive effect was discovered by Hertz 
in 1887 as a by-product of his classical researches on 
electric waves and oscillations. He noted that the 
ultraviolet radiation of his spark apparatus stimulated 
electron emission from copper electrodes. However, 
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Figure 2. Solar Flux and Response of Silicon Cell 


Hertz did not pursue investigation of his discovery. 
Further precise studies with copper and zine by Wil- 
helm Hallwachs in 1888 resulted in photoemission 
being referred to as the ‘‘ Hallwachs effect’’. Numer- 
ous investigators were enchanted by this phenomenon 
and, in 1890, the first true evacuated glass phototube 
was made by J. Elster and H. Geitel; the photoemis- 
sive surface of this phototube was a sodium amalgam. 
Later experiments by Elster and Geitel, who instine- 
tively recognized the photosensitivity of the alkali 
metals, resulted in hydrogenated alkali phototubes. 
These tubes, dating back to 1912, were the forerunners 
of modern phototubes. 

In a metal at any temperature, the electrons which 
contribute to electrical conductivity possess a spec- 
trum of energies. In order for an electron to escape 
from the metal, however, it must possess an energy 
in excess of a certain amount called the work function 
of the metal. The electrons can acquire this excess 
energy through elevated temperatures as in a vacuum 
tube filamentary cathode, or by energy exchange with 
a photon. During the process of photoemission, the 
photon energy is transferred to an electron. 

Once liberated from the metal, the electrons are 
available to do work in a load connected between the 
emitter and the collector. The energy level diagram 
of the photoemissive process is shown in Figure 3. 

Just as in a filamentary cathode, the escaping elec- 
trons will contribute to the space charge which sur- 
rounds the emitter. This space charge reduces the 
maximum current flow. Therefore, in the ordinary 
phototube application, the collector is placed at a 
positive potential with respect to the emitter in order 
that all the photoelectrons are collected. However, 
with a photoemissive solar converter one does not want 
to supply power to the converter by providing a col- 
lecting field. Therefore, the effects of the space charge 
are reduced by decreasing the spacing between the 
emitter and collector, or by introducing a source of 
positively charged particles— as perhaps, a radio- 
active isotope. Consequently, no accelerating field is 
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supplied. to Pe RK A, Jontartas! and the elec- 
trons working’ ‘against a retarding field. pestgim useful 
work* ‘in. the load. 

The photoemissive converter is a new ois power 
corivérsion device. Experimental investigations of 
practieal converters started about two years‘ago. The 
conversion efficiency of this device is a function “6¥ the 
spentral response of the surface, the work finctions 
of the”: ‘emitter and eollector, and the voltage drop 
sive susface sin a load voltage of 1.3 volts, ‘a’ solar 
conv efsioni efficiency of 0.6 per cent can “pe: expected. 
However;- ‘as: Shown in Figure 4, other ‘qhaterials such 
as a sodium,potagsium -cesium-arifitapnidé™ alloy offer 
potentially highéy conivérsion eficiesinies, perhaps as 
high as 2.5 per cent.* 

As demonstrated in ‘ee Si ciatiie section, the con- 
version efficiency of a solar power source is, per se, not 
a measure of its utility in a space application. The 
more important characteristic is specific power. A 
typical photoemissive converter for space use would 
consist of a large area photo-cathode almost touching 
a collector. This structure might possibly be a 0.005- 
inch thick plastic sandwich weighing about 0.05 pound 
per square foot. With a solar conversion efficiency of 
2.5 per cent, the specific power of the photoemissive 
converter would be about 60 watts per pound of 
weight. This high specific power is obviously desir- 
able and permits the device to be competitive with 
other sources. 

Inasmuch as no photoemissive converters have been 
constructed and tested in space, one can only specu- 
late on the effects of the environment. Certzinly some 
degree of protection must be provided against ultra- 
violet and solar X-ray deterioration of the transmis- 
sion characteristics of the packaging, which might 
stand a 60°C equilibrium temperature in an Earth 
orbit quite well. The actual performance of a space 
photoemissive converter will provide the answers to 
questions of life, efficiency, and specific power of this 
new development. 
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Figure 3. Energy Level Diagram of Photoemissive 
Converter 
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Thus far, only. power! sources: Swhigh utilize the 
quantum eects of-solar radiation have been; discussed. 


into electra power are equally imporiaiit;: 


Thertiionic Diode : 

the ‘thermionic diode is a unique application. ofan 
nstihborhood of hot solids has the power of eojtduct- 
ing ele¢trieity. In spite of these early observations, 
the’emisgion of electrons from heated filaments’was 
first foxmylated and studied by Schlichter : tin 1914. 
In 1916, 0. .W. Richardson published an “Squation 
establishing” ai relationship between, the electron cur- 
rent density. ‘the® a, and; the: ‘work function 
of the emittér. 

The thermionic’ effect. hast ieoviiies the basis for the 
development of the vacuum tube, the magnetron, and 
the many devices that utilize a heated cathode source. 
However, the exploitation of the combination of a hot 
cathode emitter and a cooler anode collector as a 
novel electrical power generator did not occur until 
1957. At that time, G. N. Hatsopoulos, in his doctoral 
dissertation at MIT, investigated the possibility that 
a thermionic diode might constitute a unique power 
source. 

The conversion process that occurs in a thermionic 
diode is similar to that which occurs in the photo- 
emissive converter. The only difference between the 
two devices is that the electrons escape from the 
eathode because of the high temperature resulting 
from focused solar radiation. These free electrons then 
perform useful work in a load. The energy level dia- 
gram of Figure 5 illustrates the conversion process, 
and is similar to Figure 3. 

The theoretical efficiency of the thermionic diode is 
equal to the ratio of power delivered to the load to 
the power input to the cathode. This efficiency is a 
function of the load voltage, work functions of the 
eathode and anode, and the temperatures. Since the 
thermionic diode is a heat engine in a thermodynamic 
sense; its efficiency will be limited by the efficiency 
of a Carnot cycle. Thus, theoretical efficiencies of the 
order of 45 per cent are possible for a thermionic diode 
operating between 1375°K and 2500°K. Experi- 
mental engines have been tested in this temperature 
range, and efficiencies of 13 per cent have been ob- 
tained. 

The efficiency losses in a thermionic diode arise 
from the effects of space charge, anode emission, and 
heat losses by radiation. The retarding field estab- 
lished by the space-charge cloud tends to reduce the 
maximum electron current flow. This, by analogy 
with a conventional heat engine, reduces the heat 
transfer between the source and the sink. Two obvious 
techniques for decreasing the effects of space charges 
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involve the use of close spacings (0.0005 inch) be. 
tween the elements, or the use of positive ions gg 
obtained from cesium vapor introduced in the device, 
These techniques, also useful in the photoemissive cop. 
verter, are somewhat effective in this application, 
However, the close spacing of the elements introducy 
the problems of anode emission and cathode heat 
radiation losses, which are under intensive investiga. 
tion at the present time. The applications of heat 
transfer and electron physics techniques will aid in 
the attainment of high efficiency thermionic diodes, 

Although experimental models of a_ thermionic 
diode converter have been no larger than 1 square 
centimeter in area, the device is not limited in size, 
A space solar power source application would require 
a cathode area several hundred times this size and a 
much larger solar collector in order to provide reason- 
able power levels. The low temperature of the con- 
verter is achieved by the use of a radiator. Tis 
combination of the solar collector and radiator adds 
considerable weight to the conversion systems so that 
the maximum specific power of the system may be 
about 12 watts per pound. This reasonable specific 
power, in addition to potentially long life, allows the 
thermionic diode to assume a favorable position as 
a direct solar power source for space use. 














Thermoelectric Generator 


The thermoelectric generator is a unique applica- 
tion of an old device — the thermocouple. Ever since 
Seebeck discovered the thermoelectric effect in 1821, 
experimenters have been investigating the electrical 
phenomena associated with establishing a thermal 
gradient across metals. There is not a student of 
physies who has not fashioned many thermocouples of 
combinations of metals, such as copper and constantan 
or iron and constantan. Yet the thermoelectric effect 
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Figure 4. Response of Various Photoemissive Cathodes 
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has not been limited to the accurate measurement of 
temperature. In the 1930’s, the Russians developed 
thermoelectric generators out of necessity for electri- 
eal power in rural areas. These small portable devices, 
flame-heated and intended for home use, are still 
effective. At about the same time, Dr. S. Kanar of the 
Baltimore Gas and Electric Company initiated the 
development of the thermoelectric converter for con- 
trol valve activation in home gas furnaces and hot 
water heaters. These control valves are widely used 
today. 

The simplest form of a thermoelectric generator, 
illustrated in Figure 6, consists of two semiconductors 
—one p-type and one n-type. Just as in the ordinary 
thermocouple, a temperature difference between the 
hot and cold junctions produces a voltage which is 
proportional to the temperature difference. This 
voltage can be used to drive electrons through an 
external load. 

The effectiveness of a thermoelectric generator is 
measured by a figure of merit defined as: 


a2 

Z= Kp’ 

where a is the thermoelectric voltage produced per 
degree temperature difference, K is the thermal con- 
ductivity of the combination, and p is the electrical 
resistivity of the generator. Obviously, this figure of 
merit is nothing more than a statement of the fact 
that a good thermoelectric generator must be capable 
of maintaining a temperature difference between the 
hot and cold junctions, and must be a high power 
conversion source with low impedance. Unfortunately, 
this figure of merit is a decreasing function of tem- 
perature, and the thermoelectric generator is confined 
to operation at lower temperatures than the therm- 
ionic diode in order to attain reasonable efficiencies. 
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Figure 5. Energy Level Diagram of Thermionic Diode 
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A practical thermoelectric generator would have a 
figure of merit of 3 X 10-8 per degree. A thermoelec- 
trie generator fabricated from bismuth telluride and 
lead telluride would have a maximum conversion 
efficiency of 8.2 per cent of Carnot cycle efficiency 
when operating between 600°K and 300°K. It is 
anticipated that research and development will pro- 
vide materials capable of operating at higher tem- 
peratures, thereby making it possible to achieve up 
to 12 per cent Carnot cycle efficiency. 

In its present state of development, the thermo- 
electric generator is somewhat disappointing. Al- 
though the lifetime of the device is unlimited, the 
specific power of a space solar conversion system 
would be about 1 watt per pound. This is much lower 
than the specific powers of the direct converters 
previously described. However, the thermoelectric 
generator possesses advantages when coupled with the 
thermionic diode converter. In a hypothetical con- 
figuration, the thermoelectric generator could act as 
a heat sink for the thermionic diode; such cascading 
could provide a solar power source with a specific 
power higher than both combined because of the re- 
duced requirements for a heat radiator for the therm- 
ionic diode. Configurations such as these are being 
given serious consideration at the present time. 

These direct solar conversion devices are applica- 
tions of discoveries which were made long before the 
requirements of space power were established. Solar 
devices, which now appear so unique, could perhaps 
have been developed more than 50 years ago. If Hertz 
or Bequerel had pursued their discoveries with the 
vision of utilizing solar power for man’s eventual 
use, and if Richardson, Seebeck, and those who fol- 
lowed had felt the need for an abundant energy source 
for conversion to electrical power — what type of 
power source would we be using today? 
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Figure 6. Thermoelectric Generator 





Poise: sapiens has almost as many meanings as 
there are people to define the term. To the systems 
engineer, stabilization refers to the process of ensur- 


ing that a certain class of systems such as servo- 


mechanisms, regulators, and computers is not 
self-oscillatory. To the banker or the economist, stabi- 
lization refers to the process of smoothing the effect of 
normal or abnormal economic cycles. Yet, despite any 
apparent differences, the stabilization processes in 
these examples are actually the same. For the purpose 
of this article, stabilization will be considered a form 
of isolation or separation of phenomena for the pur- 
pose of improving some performance index. As an 
example, consider the process of maintaining body 
temperature against changes in local environmental 
conditions. Man has provided himself with clothing 
of different weights, light for summer and heavy for 
winter, and has a central heating plant in his home 
which he controls with a thermostat. In many in- 
stances, he has an external thermometer equipped with 
a differentiator to sense the rate of temperature change 
outside the house. By controlling the rate of heat trans- 
fer between himself and his environment, he isolates 
or separates his own internal body chemistry from the 
external phenomena which affect his body tempera- 
ture. Thus he improves his comfort and consequently 
his effectiveness. 

There are only two fundamental approaches avail- 
able for the solution of any stabilization problem, al- 
though there are many ways of implementing either 
approach. To illustrate one approach, consider the 
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problem of minimizing or eliminating from the of 
put of a direct coupled amplifier the drift due to tem 
perature changes. The most widely used method (aie 
til recent years) is shown in Figure la. Here a basit; 
amplifier is tested to determine the drift signal, e,, a 
a function of temperature. Then a compensator is d& 
signed to produce a compensating signal, ¢., equal bul 
opposite to eg. Depending upon the success of matching 
e, and ég, the output, ¢,, is either totally or partially 
corrected for temperature. This approach is pope 
larly called temperature compensation. q 4 
The alternate approach to the drift problem would] 
be the use of a chopper-stabilized amplifier as shown 
in Figure 1b. The bandwidth of the chopper ample 
fier is usually quite small (a few cycles per second) 
since its only function is to reduce the effect of am 
internally generated and unwanted voltage, such @ 
drift. It ean be shown that any internally generat 
signal is effectively decreased by approximately 
gain, k, of the chopper amplifier, while the norm 
input signal, ¢,, proceeds through the basic amplifi 
uninhibited. .s 
There are important similarities and differences b 
tween the two approaches. Both approaches use 
means of measuring or sensing, and both apply @ 
rective action. They differ in what is measured | 
sensed, and when the corrective action is applied. / 
the temperature compensation example, it is the te 
perature which is measured. This is done by the co 
pensator, which may be a thermistor (a temp 
sensitive resistor). The compensation signal, ¢,, 
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appear at the output either earlier, simultaneously, or 
later than the drift signal, e,, depending upon the 
thermal delay of both the amplifier and compensator. 
Furthermore e, may be exactly equal and opposite to eg, 
resulting in total compensation. In addition, the chain 
of events proceeds unidirectionally, and. never folds 
back upon itself. Processes with this characteristic 
are termed open-loop systems. 

In the second example, the actual drift signal ap- 
pearing in the output is measured. This is accom- 
plished by the feedback loop. The corrective action 
taken by the chopper amplifier always appears later 
than the original drift signal, eg. Furthermore, the 
cancellation can never be complete or total, but can 
come as close to complete as practical limits will per- 


mit. It should be noticed that the chain of events 


folds back upon itself forming a closed loop. Proces- 
ses with this characteristic are known as ¢losed-loop 
or feedback systems. 

Each of these two fundamental approaches, open- 
loop and closed-loop, has advantages and disadvan- 
tages. The following detailed example of stabilization 


_ of coordinate tracking systems illustrates the appli- 
tation of these basic approaches to a specific problem, 


discusses one of the numerous stabilization prob- 
associated with this class of systems. 


pbordinate Tracking Systems 
The primary function of coordinate tracking 
ams is to follow a target in space to derive infor- 


mation concerning the relative position between the 
tracker and the target. Coordinate tracking systems 
include the inertial navigator which may track a local 
gravity vector for the purpose of navigating, the 200- 
inch telescope at Mount Palomar which may track 
celestial bodies such as the sun to photograph solar 
activity, and the radar on an instrumentation ship 
which may track a missile to determine its trajectory. 
Although in these situations the objects tracked and 
the reasons for tracking are all different, the primary 
data are identical — space coordinates. 

This example describes mechanical tracking sys- 
tems only, since electrical or optical trackers using 
multiple beams can be shown to be equivalent to 
mechanical systems, the major difference being the 
inertia and speed of response of the moving members. 

Because tracking systems have finite size and mass, 
they are supported on a base which may be part of 
or attached to the earth, the deck of a naval vessel, 
or the frame of an aircraft or satellite. The orienta- 
tion of the ba8é and the direction from which the 
target may appear are generally random functions, 
hence, it is necessary to be capable of moving the 
tracker about a minimum of two axes, usually orthog- 
onal. This will permit the tracker to see the target 
for any orientation within the physical limits of de- 
sign. (There are positions during which the base will 
eclipse the target.) A typical two-axis configuration 
is shown in Figure 2. 

Since the minimum number of axes is two, one 
might well ask, ‘‘Why are there ever more than two?’’ 
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There are only two major reasons for providing three 
or more axes. The first involves the six degrees of 
freedom possessed by both the base and the target, 
three translational and three rotational, as shown in 
Figure 3. In most cases, the angular orientation of 
the target about its own center of gravity is unim- 
portant. The target rarely subtends an angle large 
enough to permit resolution and measurement of this 
motion, and is usually considered a point with trans- 
lational motion only. Quite conveniently, the track- 
ing system measures relative motion between the base 
and the target making it possible to lump the trans- 
lational motion of the base with that of the target. 
The only motions unaccounted for are the three angu- 
lar motions of the base; a two-axis mount can accom- 
modate two of these. The third motion unaccounted for 
appears as a rotation about the line of sight (LOS) 
and is called cross-roll. 





LINE LOS-LINE OF SIGHT 
POINT O-ORIGIN OF CO- 
8 ORDINATE SYSTEM 


as 66-peeye (OR 


AXIS EE- ELEVATION 
ANGLE Bd'-DECK BEARING 
ANGLE Ed’- DECK ELEVATION 


Figure 2. Typical Two-Axis Tracking System 


ia 


Figure 1. Two-Approaches to Stabilization 


This rotation about the LOS may be illustrated by 
assuming we are in a submarine with the periscope 
just at water level, and the target is dead ahead, 
While the submarine is horizontal, movement about 
the bearing axis BB (Figure 4) scans the target from 
left to right, and movement about the elevation axis 
EE scans the target from top to bottom. As the sub- 
marine rolls, the target remains in the cross-hairs but 
is rotated with respect to the bearing and elevation 
axes. No combination of movement about the two axes 
will permit us simultaneously to see the target and 
to align the axes vertically and horizontally as they 
were before the submarine rolled. Therefore, the ad- 
ditional axis is used to accommodate for cross-roll, and 
might also be used in radar, radio, or optical communi- 
eation links where information is polarized. The most 
convenient orientation for this axis is parallel to the 
LOS, thus permitting the reflector of Figure 2 to be 
rotated about the LOS as though it were being screwed 
into or out of the mount. 

The second reason for using additional axes is to 
minimize or eliminate certain physical limitations, 
particularly the inability of anything to achieve in- 
finite or near infinite speed and power. The most 
frequent occurrence of this limitation arises when the 
target passes near the extension of the first axis from 
the base. In Figure 2, this is the bearing axis, and 
the target is nearly over head. The angular rate of 
the mount about the bearing axis needed to keep the 
LOS on the target is given by: DB,’ = wr Sec Ej, 
where D = time derivative (d/dt), and 7 = angular 
rate of target. It can be seen from this equation that 
DB, approaches infinity for any finite target speed 
as the elevation angle, Ez’, approaches 90°. The ratio 
DB,’ /7, shown in Figure 5, is moderate from 0° to 
60° elevation but increases rather rapidly from then 
on. Current practice is to limit this ratio between 6 
and 10, corresponding to 80° to 85° elevation. This 
means that within a 5° to 10° cone about the first axis 
there is no guarantee that the target can be tracked. 
When this is combined with possible deck or base 
motion as shown in Figure 6, the results are stagger- 
ing. Typical values for deck motions of naval vessels 
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Figure 3. Six Degrees of Freedom of a Rigid Body 


are +5° pitch and +30° roll. There are additional 
factors which tend to increase the size of the blind 
zone. Luckily, there is almost zero probability that a 
target will be going at maximum speed and minimum 
range within the blind zone while the deck has under- 
gone its maximum excursion. If, however, one of the 
requirements of the tracking system is that no blind 
zone shall exist due to limitations of maximum speed 
or power capabilities, then an additional axis is neces- 
sary. 

The usual axis employed in this case is the traverse 
axis shown in Figure 7; the reflector has been omitted 
to prevent obscuring the detail of the traverse axis. 
This axis is selected because the amount of material 
to be moved decreases as the axes get closer to the 
LOS ; the converse is true as the axes recede from the 
LOS. Ideally the traverse axis does not require a 
greater angular rate than the target. While the target 
is in the bearing axis blind zone, tracking is actually 
accomplished with the traverse and elevation axes. 
This permits the bearing axis to lumber around and 
catch up to the target after leaving the blind zone. 
Outside the blind zone, bearing and elevation accom- 
plish tracking, and traverse goes along for the ride. 

In general, tracking systems of more than two axes 
are the exception, rather than the rule. The inclusion 
of one or more additional axes adds expense and com- 
plexity which are only justifiable when system re- 
quirements cannot be met otherwise. Since the axes 
about which the tracking mount rotates are attached 
to and rotate with the base, it is appareht the base 
angular motion disturbs the LOS. The following dis- 
cussion on velocities induced by base motion and their 
isolation will be limited to the two-axis configuration 
of Figure 2. The extension of the principles involved 
to configurations with more than two axes is largely 
one of geometry. 


Induced Velocity 

The angular motions of the deck (or base) are de- 
fined as yaw, pitch, and roll, a system of nomenclature 
which is ‘generally used in discussions of coordinate 
tracking systems. However, since the pertinent angu- 
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Figure 4. Rotation about the LOS — Cross Roll 


lar rates are components of from one to three separate 
vectors, certain liberties will be taken in an effort to 
shorten otherwise lengthy mathematical statements. 
Let us, therefore, define the instantaneous deck rates 
as: level rate, o,, yaw rate, @,,-and cross level rate, ws, 
as shown in Figure 8. These instantaneous rates repre- 
sent an orthogonal coordinate system oriented to the 
LOS. The level rate, w,, is the angular rate of the deck 
about the elevation axis. The yaw rate, @:, is the 
angular rate of the deck about the bearing axis. The 
cross level rate, ws, is the remaining component of deck 
motion and is normal to both bearing and elevation 
axes. Rates o, and ws are contained in the deck while 
®, is normal to the deck. The total‘deck rate, wg, is the 
vector sum of @,, @,2, and @s3. 

As the deck rotates, it tends to move the LOS with 
it inducing a velocity, Vg, at the tip of the unit vector 
along the LOS. The relationship is 


> > > 
Va= og X 1. 


(1) 
The LOS is stabilized when some instrumentation 
process forces the mount to have angular rates which 
cancel Vg. Denoting the vector sum of DB,’ and 
DEd as ©m, the velocity, Vm, produced by mount 
motion is given by 


> > > 
Vn = Om X 1. (2) 
Thus stabilization is accomplished when 
> > 
p == Va. (3) 


Base Motion Isolation 


In order to evaluate the effectiveness of base-motion 
isolation techniques, consider the single axis (bearing) 
of a conventionally stabilized radar tracking loop in 
Figure 9. The primary reference element is the gyro 
which is essentially an inertial tachometer. The con- 
ventional tachometer measures the relative angular 
velocity between its stator and rotor. The gyro, on 
the other hand, measures the relative angular velocity 
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Figure 5. Ratio of DBs 
“Or 


between itself (or the element to which it is mounted) 
and a coordinate system which is fixed in space. 

The system of Figure 9 is considered weakly stabi- 
lized because both stabilizing and tracking loops have 
a common path, the gyro. The LOS must be disturbed 
for the stabilizing loop to function. This is the same 
closed-loop process as that used in the chopper-stabi- 
lized amplifier. 

The cos E,’ term in the block diagram of Figure 9 
is a geometrical quantity. The power drive moves the 
mount about the bearing axis, whereas the gyro is 
placed in the LOS and measures angular rate DB, 
about the traverse axis. To remove the FE,’ depend- 
ency from the stabilization loop, a secant correction 
(sec Eq’ cos Eq’ = 1) is added. The gyro loop gain, Ky, 
and position loop gain, K,, are, in general, functions of 
the Laplace operator ‘‘s’’. The signal flow paths rep- 
resented by solid and broken lines are electrical and 
mechanical paths, respectively. 

The disturbance to the LOS rate and angle caused 
by base motion is 


_ —8§ (@, cos Eq + @s sin Ey’) , 
BB s (K,+1)+ K, K, : (4) 








_ —(@, cos Eq’ + ws sin Ey’) 
Bu = s(K,+1)+K,K, : (9) 


Sinee tracking loop requirements and base motion 
characteristics differ widely from application to appli- 
cation, a quantitative analysis is restricted in value. 
Qualitatively, however, the disturbances of Equations 
4 and 5 are reduced as K, and K, are increased. Sta- 
bility of closed-loop systems places an upper bound on 
the maximum usable K, and K,, thus limiting the 
minimum value of Equations 4 and 5. 

In applications where the maximum loop gains of 
Figure 9 do not permit sufficient isolation, the 
strongly stabilized tracking loop of Figure 10 may be 
used. It differs from the technique previously dis- 
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Figure 6. Blind Zone Created by Base Motion and 


Velocity Illumination 


cussed by the inclusion of a tachometer loop with 
gain K; and gyros, tangent pot, and filter to measure 
and shape base motion rates prior to summation with 
tachometer feedback. It is termed strongly stabilized 
since the stabilizing and tracking loops do not neces 
sarily have common paths. Indeed if the filter, F', has 
the transfer function 


_ Ki+1 
F= mK (6) 


DB — (tv, + Os tan Eq’) =0. 


Thus the LOS is totally stabilized without being 
disturbed. 

In practice it may be difficult or even impossible to 
satisfy Equation 6 over the entire frequency range. 
This is not serious. Excluding external influences 
which would produce catastrophic effects, the base 
usually presents a high-Q impedance to the disturbing 
forces, therefore restricting base motion to a narrow 
band of frequencies. Taking advantage of this fact, 
a filter can be designed to satisfy Equation 6 a 
closely as desired over the frequency range of interest. 

The approach shown in Figure 10 is a combination 
of both open- and closed-loop approaches, and con- 
tains the advantages of both without the disadvan- 
tages of either. If the measurement of base motions 
®, and @s;, and the computations of the input signal 
and the mount response are exact, stabilization is 
complete with no base motion appearing on the LOS. 
However, if the process is correct to 10 per cent, then 
approximately 10 per cent of base motion appears on 
the LOS for the tracking loop gyro to remove. This 
is an order of magnitude improvement over the con- 
ventional method which uses no measurement of base 
motion and no computation of inputs. 

The extension of the block diagram of Figure 10 
to include the elevation axis requires only expansion 
of the vector relationships of Equations 1, 2, and 3 
to determine the necessary conditions to be satisfied. 
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Figure 7. Three-Axis System Figure 8. LOS Oriented Coordinate System 
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Figure 9. Conventionally Stabilized Tracking Loop 


. ’ 
0 Ea 

! 
o 


Kp Kg 
(RADAR) (ELEC) 





I 
(TACH) 


| 


Figure 10. Strongly Stabilized Tracking Loop 





INVENTIONS 
Congratulations to the following persons for their valuable contribution 
to Raytheon’s portfolio of inventions: 
Name Field of Invention 
A. J. Aronian, A. H. Moore ... Automatic Shutoff 


Seat Gans Se eae Mold Assemblies for Fabrication of 
2 Semiconductor Devices 
Benjamin D. Roiter, Bennett 8 | = gj = mst Schloemann ............ 
oe ee L. Blum, 
David A. eee Pyrolytic Boron Nitride and Method eee Sees eee wee 
of le we Same “ 
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Five-story high antenna for Pincushion radar will be part of a new Ad- 
vanced Research Projects Agency installation to be set up in mid-Pacific. 


A unique radar designed to track and identify 
the warhead of ICBMs thousands of miles away is now 
being developed by Raytheon. 


Designated “Pincushion”, because of its microwave beam 
pattern formation, the 80-ton Raytheon radar will be part 
of Project Defender, ARPA’s program to develop 
advanced anti-ICBM concepts. 


RAYTHEON COMPANY, WALTHAM, MASS. 
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